Conductive carbon films were prepared at room temperature by unbalanced magnetron sputtering (UBMS) on silicon substrates using argon (Ar) gas, and the effects of post-annealing temperature on the structural, tribological, and electrical properties of carbon films were investigated. Films were annealed at temperatures ranging from 400 °C to 700 °C in increments of 100 °C using a rapid thermal annealing method by vacuum furnace in vacuum ambient. The increase of annealing temperature contributed to the increase of the ordering and formation of aromatic rings in the carbon film. Consequently, with increasing annealing temperature the tribological properties of sputtered carbon films are deteriorated while the resistivity of carbon films significantly decreased from 4.5 × 10 −3 to 1.0 × 10 −6 Ω-cm and carrier concentration as well as mobility increased, respectively. This behavior can be explained by the increase of sp 2 bonding fraction and ordering sp 2 clusters in the carbon networks caused by increasing annealing temperature.
Introduction
Amorphous carbon (a-C) and hydrogenated amorphous carbon compounds (a-C:H) have attracted attention due to their tribological and physical properties such as high hardness, low-friction coefficient, good wear resistance, chemical inertness, and optical transparency. [1] [2] [3] [4] These films are used in a wide range of applications such as magnetic storage disks, cutting tools, and optical windows. Furthermore, carbon-based films show high thermal stability, which makes it possible to use them as protective coating materials in high temperature applications. However, these films have limited adhesion to substrates due to high intrinsic compressive stress. It is not easy to deposit carbon-based films with low compressive stress, high hardness, and high film thickness simultaneously; the usual deposition conditions for diamond-like carbon (DLC) films result in films with high intrinsic residual stress between the substrate and the film. The presence of large residual stresses leads to film failure and restricts the thickness of DLC films that will adhere to substrates. Residual stress can be minimized by annealing at a suitable temperature over a sufficiently long time.
5-7
In this study, an unbalanced magnetron sputtering (UBMS) method was used to prepare carbon films with a graphite target in Ar gas and room temperature conditions. The UBMS can raise the plasma density of the substrate though the selective strengthening of the magnetic field of the target ends, so that more of the secondary electrons can escape their confinement and effectively enhanced the sputtering rate and film density. Therefore, the use of UBMS technique is desirable to fabricate the hydrogen-free and dense conductive carbon films for the application to the electrodes in the electronic devices such as organic thin film transistor (OTFT), dye-sensitized solar cell (DSSC), and field emission display (FED). The synthesized carbon films were annealed at 400, 500, 600, and 700 o C by a vacuum furnace in vacuum ambient, and the effects of annealing temperature on structural, tribological, and electrical properties were investigated.
Experimental
The carbon films were deposited on a 2 cm × 2 cm p-type (100) silicon substrate using an unbalanced magnetron sputtering (UBMS). The graphite (99.99%) and high purity argon (99.99%) were used as the sputtering target and the sputtering gas, respectively. Silicon substrates were cleaned using the usual RCA method and the background pressure of the process chamber was evacuated below 3 × 10 −4 Pa using diffusion pumps. The target power density was 20 W/cm 2 , and the working pressure was 0.4 Pa. Under these conditions, 150 nm-thick carbon films were synthesized at room temperature with a −200 V DC bias voltage. The fabricated films were annealed for 30 min (5 °C /min) at 400, 500, 600, and 700 °C by using a vacuum furnace [Lenton 1200 Atmosphere Tube Furnace; LAH-12/300] in vacuum ambient.
Internal structure was characterized by Raman spectrometry [Jasco, MRS-300] and X-ray photoelectron spectroscopy [VG MICROTECH, ESCA-2000]. Surface morphology and Root mean square (Rms) surface roughness were observed using atomic force microscopy [Seiko, SPA-400].
Hardness was measured using a commercial nano-indentation instrument [Nano-indenter XP] with a continuous stiffness method (CSM) option. Friction coefficients were analyzed using a ball-on disk (BOD) tribometer in normal, dry ambient against a polished AISI 52100 steel ball with a diameter of 4.72 mm and sliding speed of 60 rpm. Film stress and the adhesion value were confirmed using a residual stress tester [ 
Results and Discussion
Raman spectra of the carbon films annealed with increasing annealing temperature are shown in Figure 1(a) . The G-peak position and the intensity ratio of the two peaks (I D / I G ), observed by deconvoluting Raman spectra into two Gaussian curve fits in order to obtain quantitative information on sp 3 content, are shown in Figure 2 (b). From the Raman spectrum for as-deposited carbon film, the spectra show two broad peaks centered at 1548 cm −1 and 1376 cm −1 , which are assigned to G-(graphite) and D-(disorder) modes, respectively. G peak position in annealed carbon films moved to higher wavenumbers and the FWHM width in G peak decreased with increasing annealing temperature, corresponding to an increase in the sp 2 bonding contents. Also, I D /I G is increased with increasing annealing temperature. In Raman spectra, D peak height should increase due to transformation of disordered rings to ordered six-fold rings and the G peak relates only to bond stretching of sp 2 pairs, so it retains its intensity, and the I D /I G ratio increases with increased ordering. [8] [9] [10] Therefore, the increase of annealing temperature contributed to the increase of the ordering and formation of aromatic rings, indicating sp 2 contents and sp 2 clusters in the carbon film. At the temperature of 700 o C, however, the D peak intensity and I D /I G ratio increase sharply. These results are related to the graphitization of carbon films in response to removal of the disordering and to breakdown of the domain in sp 2 clusters. The sp 3 /sp 2 bonding ratio decreased with increasing annealing temperature. These results show the increase of sp 2 components with increasing annealing temperature. [10] [11] [12] Consequently, the increase of annealing temperature leads to greater ordering of the inner In this study, the as-deposited carbon film prepared by UBMS method exhibited high hardness of about 25 GPa, resulting in a structure of cross-linked sp 2 clusters caused by the bombardments of high energetic ions. 4, 13 This means that the hardness of carbon film is dependent on the degree of disorder cross-linked bonds in carbon network. As shown in Figure 3 , however, the hardness and elastic modulus of carbon films are decreased with increasing annealing temperature, corresponding to an increase in the sp 2 contents with the formation of aromatic rings, as revealed by Raman and XPS investigations. Specially, at the annealing temperature of 700 o C, the hardness of carbon film is sharply decreased. These indicate that the increasing annealing temperature is associated with an the ordering of sp 2 clusters in the film, and high temperature in 700 o C finally led to the change to a graphite-like structure.
12,14,15
Also, the adhesion behavior of carbon films decreased with increasing annealing temperature, indicating an increase in ordered sp 2 clusters in the carbon networks and a decrease in cross-linked bonds between the film and substrate.
7,14
However, intrinsic stress gradually decreased with increasing annealing temperature. Thus, the increase of annealing temperature leads to structural relaxation related to ordering in the sp 2 clusters and is associated with a reduction of stress due to the decrease of defect density.
14,15 Therefore, the increasing annealing temperature improves the intrinsic stress of the films, but leads to a decline in hardness and adhesion. Figure 4 shows the variation in surface roughness and friction coefficient as a function of annealing temperature. The surface of the sputtered carbon films is ultra smooth due to the resputtering effect of energetic ions by negative DC bias voltage, and this would be considered to be related to the increase of sp 2 bonding contents at the film surface. As shown in Figure 4 , however, the increase of annealing temperature led to rougher surfaces and increased friction coefficients. The degradation in surface morphology and friction coefficient are associated with the clustering of sp 2 carbon, 16 as revealed by Raman and XPS investigations. Also, the rough surface and high friction coefficient in high annealing temperature are associated with the ordering sp 2 clusters and the graphitization in carbon films.
12 Consequently, the annealing temperature can affect the surface and density in film with the change of the film structure.
12,14 Figure 5 shows the resistivity, carrier concentration, and , and high mobility about 3.2 cm 2 /V·s. Also, it can be seen that the resistivity of carbon films significantly decreased from 4.5 × 10 −3 to 1.0 × 10
Ω-cm and carrier concentration and mobility increased with increasing annealing temperature, respectively. This behavior can be explained by the increase of sp 2 bonding fraction and ordering sp 2 clusters caused by increasing annealing temperature in the carbon networks.
12 From the Raman results, the G peak for carbon films increases from vibrations of all sp 2 sites and in both ring or chain configurations, however the existence of a D peak indicates the presence of aromatic rings and the intensity of D peak increases only from sp 2 clusters in six fold aromatic rings. Therefore, the change in resistivity of carbon films with increasing annealing temperature can be understood by the increase of π states associated with sp 2 sites. Specially, low resistivity of carbon at 700 o C annealing temperature is associated with the graphitization of carbon film. The annealing temperature in carbon film can play an important role for the improvement of conductivity.
Conclusions
The carbon films were deposited on silicon substrate by UBMS method with a graphite target. The effect of annealing temperature on the tribological, structural and electrical properties of carbon films was investigated. The increase of annealing temperature is associated with the increases in ordered sp 2 clusters and the sp 2 bonding contents, and high annealing temperature is attributed to the graphitization of carbon films. Consequently, the increasing annealing temperature led to a decline in physical properties such as hardness, elastic modulus, adhesion, frication coefficient, and surface roughness. However, it is attributed to the improvement of the stress and conductivity in the film, reflecting that annealing of conductive carbon film will largely influence for the improvement of conductivity.
